p-sd shell gap reduction in neutron-rich systems and cross-shell excitations in 20 O 
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Excited states in 20 O were populated in the reaction 10 Be( 14 C,a) at Florida State University. 
Charged particles were detected with a particle telescope consisting of 4 annularly segmented Si 
surface barrier detectors and 7 radiation was detected with the FSU 7 detector array. Five new 
states were observed below 6 MeV from the 0-7 and a-7-7 coincidence data. Shell model calculations 
suggest that most of the newly observed states are core-excited lp-lh excitations across the N = 
Z = 8 shell gap. Comparisons between experimental data and calculations for the neutron-rich O 
and F isotopes imply a steady reduction of the p-sd shell gap as neutrons are added. 
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The mean field is a central concept in all macroscopic 
many-body phenomena; in nuclei it leads to shell struc- 
ture and magic numbers and it provides the basis for the 
most powerful theoretical techniques such as the nuclear 
shell model. In recent years attention has been focused on 
light nuclei, which are intermediate between macroscopic 
and few-body nucleonic systems, beacuse they can ex- 
hibit extreme modifications or even complete breakdown 
of the mean field approach. This behavior emphasizes the 
underlying question of nature of how combinations of a 
few simple building blocks can lead to the astonishing 
diversity and complexity of many-body phenomena. In- 
terest in this subject is fueled by experimental advances 
which allow for the exploration of nuclear structure at the 
limit of stability with critical proton to neutron ratios. 

The most significant manifestation of shell breaking is 
seen in nearly semi-magic nuclei, where the mean-field 
shell structure breaks down as a function of the proton 
to neutron ratio. "Islands of inversion" P, Q have been 
observed around the neutron shell closures at N = 20 
and N — 28 3, where the mean-field shell structure 
is weakened due to the proton-neutron imbalance and 
residual interactions dominate This leads to struc- 
tures where intruder configurations dominate low-lying 
states 0. 

The oxygen isotopes, which lie at the Z = 8 shell 
boundary, provide an excellent opportunity to investi- 
gate the effects of neutron excess on the shell gap and 
cross shell excitations. Possible modifications of the shell 
structure with neutron excess raise important questions 
related to the surprisingly large shift in the neutron drip 
line between the O and F isotopes 0,0]. Cross shell p-sd 
excitations are known to be essential in the structure of 
nuclei in this region. Examples include the 110 keV 1~ 
state in 19 F [t| and a recent experimental investigation 
unveiling low-lying intruder states in 22 F |l0j |. 

The availability of suitable reactions has limited the 
study of the neutron-rich O isotopes. Most of the previ- 
ous work on 20 O has involved one of the earliest radioac- 



tive beams through the 18 0(t,p) reaction 0, 0, Il3| . 
Fragmentation reactions were recently used to determine 
7 decays from some previously known states |l4j . In- 
truder states, which have an odd number of nucleons 
promoted across the p-sd shell gap, provide the clear- 
est evidence for cross shell excitations. Only 2 intruder 
states, a 1~ at 5.35(10) MeV and a tentative (3 _ ) at 
5.614(3) MeV [lS|l3|, had been identified in 20 O prior 
to the present work. However, shell model calculations 
including p shell excitations predict significantly more 
states in the region of 4.5 to 6 MeV. Due to this discrep- 
ancy the present experiment was performed to study the 
shell structure of 20 O. 

In this letter, we report on the addition of five new 
states in 20 O below an excitation energy of 6 MeV. With 
the additional experimental information, shell model cal- 
culations were performed for neutron rich O and F iso- 
topes. These provide strong evidence for a reduction of 
the p-sd shell gap as neutrons are added. 

To populate 20 O, a long-lived radioactive beam and 
target were employed through the 10 Be( 14 C,a) reac- 
tion at 21.4 MeV. The 14 C beam was provided by the 
Florida State University (FSU) Superconducting Accel- 
erator Laboratory. The 113 /iig/cm 2 10 Be tar get on a 1 
mg/cm 2 thick Pt backing was specially made lSj. Neu- 
tron evaporation dominated the reaction, and 20 O could 
only be observed by detecting the a particles. These were 
detected in an E-AE Si telescope, consisting of a 150 /im 
AE detector and a stack of three 1500 /jm E detectors. 
All four Si wafers were divided into 4 annular segments 
and placed at 0° relative to the beam. A 32 mg/cm 2 
thick gold foil was placed between the target and detec- 
tor telescope to stop the beam. 7 radiation was detected 
in coincidence with the a particles using the FSU Comp- 
ton suppressed 7-detector array. During the experiment 
4.3 x 10 6 a-7 events were recorded. 

The data were analyzed using GNUSCOPE 19}. The 
a spectra from the 5 annular segments were kinemat- 
ically corrected, and a Doppler correction was applied 
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FIG. 1: Transitions in coincidence with a particles and the 
1674 keV 7 ray (2f — > 0^). The lines in this spectrum marked 
by their energies correspond to decays in 20 O. 



to the 7 spectra. Although the target contained signifi- 
cant amounts of 16 and 12 C, the corresponding reaction 
products, 26 Mg and 22 Ne, are well known and their lines 
were removed from consideration. 

A portion of the a-7-7 spectrum in coincidence with 



the lowest 2+ 



0^ transition at 1674 keV is shown in 



Fig. ^ The a-7-7 coincidences with most of the newly 
assigned lines are shown in Fig. [21 Clear coincidences 
with the 1674 keV transition (2+ — > 0^) can be seen in 
all these spectra. Placement of the 7 transitions was ver- 
ified by the coincident a energies, as described in Refs. 
|2(1 \2l\ . Some a spectra obtained by gating on 7 lines 
are shown in Fig. An extensive search for possible con- 
taminants was performed for all transitions before a firm 
assignment to 20 O was made. The level scheme from this 
and previous work is shown in Fig. The uncertainties 
in 7-ray energies range from 1 keV up to 6 keV for the 
weaker new transitions. 

Although the 5 new states at 3895, 4353, 4598, 5115, 
and 5873 keV have not been previously reported, a care- 
ful examination of previous studies of 20 O does reveal 
hints of their existence. Very small peaks are visible in 
the 18 0(t,p) spectrum shown in Fig. 1 of Ref. :i6j at 3.9, 
4.6, 5.1, and possibly 5.9 MeV. While examination of only 
one spectrum at one angle cannot rule out contaminants, 
the weakness of these peaks is consistent with their weak 
population in the present experiment. Interestingly, a 
tentative state was reported at 5.83(20) MeV in an early 
paper and included in an earlier compilation |23| . 
A state was reported at 6.02 MeV in another measure- 
ment 11]. The 5.83 MeV state was dropped from the 
subsequent compilation [24| . possibly because it was not 
confirmed in Ref. 0] . The state observed here at 5873 
keV may correspond to one or both of these previously 
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FIG. 2: Spectra in coincidence with a particles and newly 
observed transitions in 20 O. 



reported states. 

While shell model calculations restricted to the p shell 
or to the sd shell have been very successful in describing 
the structure of nuclei in these regions, the description 
of excitations between the p and sd shells has been much 
more limited. The lack of experimental data and in- 
creased dimensionality of such calculations together with 
the center-of-mass issue 25] resulted in the lack of well 
tested interactions. To gain an understanding of the cur- 
rent experimental results, p-sd shell model calculations 
were performed for neutron rich O and F isotopes using 
and slightly modifyingjas discussed below) cross-shell in- 
teractions from Refs. [lj,|26j. Calculations were also con- 
ducted taking excitations into the fp shell into account. 
However, at excitation energies of interest fp configura- 
tions proved to be of no importance. 

For the calculations, an m-scheme shell model code 
developed at FSU .27] was used which allows for a full 
diagonalization of the p-sd shell simultaneously. How- 
ever, the interactions based on a perturbative merging of 
the sd and p shells imply a particle-hole hierarchy. Es- 
tablishing a trend in reproducing the experimental data 
is a key step in validating the model calculations. The 
monopole corrected single-particle energies in the sd shell 
were adjusted to reproduce single-nucleon excitations in 
17 0. Thus, the model is in good agreement with USD 
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FIG. 3: a spectra for two 7-ray pairs originating from states 
with similar excitation energies. The arrows indicate the cut- 
off location. 
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FIG. 4: The level scheme as deduced from current and pre- 
vious work. The widths of the lines indicate their intensities 
normalized to the 1674 keV transition. Branching ratios are 
given where applicable. States and transitions marked with 
solid circles are new additions. 7 transitions with open circles 
were tentatively reported in Ref. fl3]| and are confirmed in 
the present work. 



shell model results. The cross shell excitations in 16 are 
also well reproduced. The perturbative combined p-sd 
shell model essentially has one parameter, the shell gap. 
The role of this gap becomes more essential in establish- 
ing the relative positions of cross shell excitations as the 
neutron number N increases above the shell closure at 
N = 8. Considering negative-parity states in 18 . 19 > 2 °. 22 
and using the original interaction, a significant trend of 
deviation is found. For example the lp-lh states in 22 
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FIG. 5: Systematic reduction of the p-sd shell gap as neu- 
trons are added to O and F nuclei. Shell model caculations 
were performed and the shell gap adjusted based on the com- 
parison to available experimental data from the current work 
and Refs. [Tol |2§1 l29jl . The error bars reflect the current 
experimental knowledge available for the respective nuclei. 



are predicted to be more than 1 MeV above the first ten- 
tatively observed negative-parity state at 5.8 MeV [28| . 
The agreement with experimentally observed states can 
be improved significantly by reducing the p-sd shell gap 
with increasing in neutron number. The necessity to re- 
duce the shell gap to obtain the best agreement between 
experimental and theoretical states is also observed in 
the neutron-rich 19 ' 20 > 22 F isotopes. This suggests a gen- 
eral p-sd shell gap decrease as more neutrons are added, 
in agreement with theoretical predictions |30|. The shell 
gap dependence on neutron number for O and F isotopes 
is shown in Fig. |SJ The diminishing of the shell gap em- 
phasizes the approach to a region of intruder dominated 
structures. 

The agreement with experimentally observed states in 
20 O can be improved significantly by reducing the p-sd 
shell gap by 850 keV. Fig. HJ] compares the calculated and 
experimentally observed states in 18 O and 20 O, where 
the closed shell 16 O single-particle energies are used for 
18 and a reduced p-sd shell gap of 850 keV is used for 
20 O. The theoretical states shown in blue are mainly the 
pure sd ones involving only valence neutrons outside the 
closed 16 core using the USD interaction. Two states at 
3743 and 5470 keV in 18 O and at 3486 and 4848 keV in 
20 O are due to 2p-2h excitations. Previously known ex- 
perimental positive-parity states are also shown in blue. 
There is good agreement for the positive-parity states in 
18 O and 20 O. The tendency to overpredict the energy of 
the first 2 + state is somewhat greater in 20 O. Negative- 
parity lp-lh states (red) are predicted to start at about 
4.5 MeV in both nuclei. There are good candidates in 
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is an inverted structure with an odd-particle in the sd 
shell and thus of positive parity. The intruder ground 
state in 11 Be [24| is another example of a weakened shell 
gap. 

To conclude, in this work we report five new states that 
were observed in semi- magic 20 O below 6 MeV through 
the measurement of a-j and a-7-7 coincidences follow- 
ing population in the 10 Be( 14 C,a) reaction using a long 
lived radioactive 14 C beam and a specially prepared ra- 
dioactive 10 Be target. Many of the newly observed levels 
appear to be the predicted core-excited lp-lh negative- 
parity states. Comparison between shell model calcu- 
lations and experimental observation of neutron rich O 
and F isotopes implies a systematic reduction in the ef- 
fective p-sd shell gap, indicating a weakening of the shell 
structure as neutrons are added. 
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Science Foundation under grant No. 01-39950 and the 
state of Florida. The authors thank D. Robson for helpful 
discussions. 
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FIG. 6: (Color online) Comparison of calculated and ex- 
perimentally observed states in 18 O and 20 O. States in blue 
indicate positive-parity states (Op-Oh and 2p-2h), states in 
red are negative-parity states (lp-lh). The levels in black 
are new additions, except the 6555 keV state in 20 O where 
no parity assignment is available. For ls O the standard le O 
closed shell single-particle energies are used, whereas for 20 O 
the p-sd shell gap was reduced by 850 keV. 



18 O within a few hundred keV for all but one of the 
predicted negative-parity states. In 20 O the lowest pre- 
viously established negative-parity state lies about 800 
keV above the first predicted one. However, some of the 
newly observed levels lie reasonably close to a number of 
the predicted negative-parity states. Unfortunately, the 
newly observed states are populated too weakly to de- 
termine their spins or parities, but there is a good quali- 
tative agreement between experiment and theory in 20 O 
with the addition of the new states. 

Further experiments probing whether inversion can be 
reached before the drip- line are of great interest. An anal- 
ogous situation appears one shell below, in the Z = 2 He 
isotopes, where the intrusion of sd excitations in p-shell 
configurations becomes important in heavy helium iso- 
topes. Although the 8 He dripline is reached before inver- 
sion, the resonant states exhibit significant fragmentation 
of the single particle decay strength due to s<i-shell in- 
truder configurations [U- It is still controversial if the 
lowest energy resonance corresponding to unbound 9 He 
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